Forkhead/winged helix proteins constitute a large family of transcription factors that share an evolutionarily conserved DNA binding domain. There is now extensive evidence that these proteins are components of different signal transduction pathways and play numerous and crucial roles in embryonic development, including cell fate determination, proliferation, and differentiation (for a review, see reference 23). In the mouse, a number of forkhead genes have been identified and inactivated by homologous recombination in embryonic stem (ES) cells, providing evidence for both unique and functionally redundant roles in development (1, 4, 22, 25, 26, 42, 45) .
Our laboratory has previously identified and focused on four murine forkhead/winged helix genes that are all expressed in, among other tissues, the paraxial mesoderm and early somites of the mouse embryo (36) . These are Mf1 (mesoderm/mesenchyme forkhead 1), Mf2, Mf3 (also known as fkh5, hfh-e5.1, and twh), and Mfh1 (mesenchyme forkhead 1) (2, 6, 21, 30) . Homozygous null Mf3 mutant mice have numerous abnormalities, including perinatal mortality, growth retardation, nursing defects, and defects of the central nervous system (CNS) (6, 26, 41) . The CNS abnormalities relate to Mf3 expression in specific cell populations of the developing hypothalamus and spinal cord. However, the mutant mice have no obvious defects in somites or their derivatives, suggesting functional redundancy in mesodermal tissues with other forkhead genes such as Mf1, Mfh1, and Mf2. Mf1 and Mfh1 encode proteins with virtually identical DNA binding domains and distinct but overlapping expression patterns during embryonic development (17, 19, 25, 30, 36, 39, 42, 43) . Mf1 lacZ homozygotes die pre-and perinatally with multiple abnormalities, including hemorrhagic hydrocephalus and skeletal, ocular, and cardiovascular defects (24, 25, 43) . Identical developmental abnormalities are seen in the spontaneous congenital hydrocephalus (now Mf1 ch ) mutant, which we have shown to be an allele of Mf1 (15, 18, 25) . Homozygous Mfh1 tm1 null mutants also die pre-or perinatally with defects in the skull, axial skeleton, and cardiovascular system (19, 42) . The skeletal defects in Mfh1 null mutants are different from those seen in Mf1 lacZ and Mf1 ch mutants. However, the cardiovascular defects are similar, and in addition, the majority of embryos that are doubly heterozygous for mutations in Mf1 lacZ and Mfh1 tm1 die prenatally with the same spectrum of cardiovascular abnormalities as each single homozygous mutant (43) . These results provide evidence for nonallelic noncomplementation between Mf1 and Mfh1 and suggest cooperative interaction between the two genes in tissues such as those of the developing cardiovascular system.
We focus here on the Mf2 gene, which encodes a protein with a DNA binding domain virtually identical to that of brain factor 2 (Bf2). Mf2 is expressed in the paraxial mesoderm in the early mouse embryo, and somite expression of Mf2 overlaps that of Mf1, Mfh1, and Mf3 (36, 44) . In addition, the Mf2 and Bf2 genes have overlapping expression patterns in other tissues, including the tongue, meninges, mesenchyme of the vibrissae, and metanephric kidney (16, 44) .
To examine the role of Mf2 during development, we generated homozygous null mutants (Mf2 lacZ ). We show here that these Mf2 lacZ homozygotes are viable and fertile and have no serious developmental defects, suggesting functional redundancy with other forkhead/winged helix genes. However, up to about 40% of mutants, depending on the genetic background, have renal abnormalities, including hypoplastic kidney and hydroureter. In the long term, Mf2 mutant mice will provide a useful model to study the interdependent roles of multiple forkhead genes during mammalian development.
MATERIALS AND METHODS
Isolation of Mf2 genomic DNA and construction of the targeting vector. Two overlapping Mf2 genomic DNA clones (clones 7 and 10) were isolated from a 129/SvJ mouse genomic FIXII library (kindly provided by A. Bradley, Baylor College of Medicine) using a probe (0.3 kb) from the 3Ј region of the Mf2 cDNA (44) . The single protein coding exon of the Mf2 genomic sequence encoding amino acids 1 to 492 was confirmed by sequencing. The targeting vector consists of a 6.5-kb 5Ј homology region (XhoI-NotI fragment) and a 0.7-kb 3Ј homology region (XhoI-EcoRI fragment). Part of the coding region (amino acids 92 to 262) was replaced with an IRES-lacZpolyA/PGKneo r cassette from the NTR-lacZ vector (3) and a PGKneobpA-lox-A vector (40) (kindly provided by R. Behringer, M. D. Anderson Cancer Center). This results in the deletion of the entire DNA binding domain. The remaining 5Ј region encoding a truncated N-terminal protein sequence is separated from the lacZ gene by an in-frame stop codon. For negative selection, a PGK/tk cassette was placed outside of the 3Ј homology region.
Isolation of targeted Mf2 ES cell clones and generation of mouse chimeras.
We electroporated 100 g of SalI-linearized targeting vector into approximately 4 ϫ 10 7 TL1 ES cells at passage 15 by using a single pulse of 800 V and 3 F in a Gene Pulser (Bio-Rad). Cells were plated onto irradiated neo r primary mouse embryo fibroblasts, and selection with G418 and gancyclovir began after 24 and 48 h, respectively. We screened 116 doubly resistant colonies for homologous recombination by PCR using an Mf2-5Ј primer (5Ј-TGCATCGCATTGTCTGA GTAGG-3Ј) and an Mf2-3Ј primer (5Ј-CCAAAGCATTCTCTGACTGTGAAG G-3Ј). PCR-positive clones were confirmed by Southern blotting with 5Ј and 3Ј external probes. One targeted clone was injected into host (C57BL/6) blastocysts and produced germline chimeras. Chimeras were mated with Black Swiss (Taconic) or C57BL/6 females and maintained by interbreeding on each mixed genetic background. Embryos and mice were genotyped by Southern blotting with a 3Ј probe and/or PCR using the specific primers Mf2-1 (5Ј-AAGTCCTA GAGTTTCAACACCAGGG-3Ј), Mf2-3 (5Ј-TTATTCCAAGCGGCTTCGG-3Ј), and Mf2-5 (5Ј-TGATGAGGGCGATGTACGAATAAG-3Ј).
Histological analysis. Embryos were fixed in 4% paraformaldehyde in phosphate-buffered saline, serially dehydrated into 100% methanol, and stored at Ϫ20°C. Sections (7 m) were made by standard procedures. LacZ staining and section in situ hybridization were performed as described previously (25) . The following murine cDNAs were used as templates for [␣- 35 S]UTP antisense and sense riboprobes: 0.8-kb Mf2 and 0.9-kb Bf2 cDNAs, respectively.
Quantitation of kidney volume.
To determine the kidney volume of newborn animals, each kidney was measured along the longitudinal, dorsoventral and mediolateral axes.
RESULTS
Targeted disruption and embryonic expression of Mf2. To examine the role of Mf2 during embryonic development, a null allele was generated by homologous recombination in ES cells. The Mf2 protein is encoded by a single exon, and the sequence covering amino acids 92 to 262 was replaced with an IRESlacZpolyA/PGKneo r cassette (Fig. 1A) , resulting in complete deletion of the DNA binding domain. The inserted lacZ allele also allowed the expression of the endogenous gene to be monitored by staining for ␤-galactosidase activity. The presence of a stop codon before the lacZ gene prevented the formation of an Mf2-LacZ fusion protein.
We have previously monitored the expression of Mf2 by using whole-mount or section in situ hybridization. Using these techniques, Mf2 is first detected in the paraxial mesoderm of the head and body at 8.5 days postcoitum (dpc) (36, 44) . Using the Mf2 lacZ allele, we were able to recapitulate the endogenous expression pattern shown previously, providing evidence that the Mf2 gene was correctly targeted (Fig. 2 ). In addition, we could examine more precise localization of Mf2 transcripts using LacZ staining. As shown in Fig. 2A , expression is detected in the somites, branchial arches, and head mesenchyme at 9.5 dpc. Later, as the somites differentiate, Mf2 expression is restricted to the sclerotome and condensing mesenchyme of the vertebrae ( gions. In the head of the later embryo, Mf2 is detected in several tissues, including the tongue, meninges, nasal mesenchyme adjacent to the respiratory epithelium, and vibrissae ( Fig. 2B and C and data not shown) . In the developing CNS, Mf2 lacZ is detected in specific regions of the posterior diencephalon-rostral midbrain and its expression continues at least until 16.5 dpc (Fig. 2B and data not shown) . LacZ staining is also localized to the tuberal hypothalamus at 11.5 dpc (44 and data not shown).
During development of the kidney, LacZ staining is observed first in the intermediate mesoderm (data not shown) and later in the mesonephric tubules and mesonephric mesenchyme (Fig. 2D) . By 11.5 dpc, the ureteric bud has invaded the metanephric blastema and bifurcated. At this stage, strong Mf2 lacZ expression is seen in the condensing mesenchyme surrounding the tips of the ureter while only a weak signal is present in the stroma and in the Wolffian duct and ureteric epithelium (Fig. 2E) . Its expression appears to be similar to that of Pax2 (8) and also overlaps Bf2 expression, which is restricted to the stromal cells (16) . Two days later, at 13.5 dpc, the ureter has branched several times and LacZ staining is strongly detected in the peripheral condensing mesenchyme of the nephrogenic zone but appears to be weakly expressed in the prospective stromal cells and mesenchyme around the ureter (Fig. 2F and data not shown) . From section in situ hybridization using adjacent sections, expression of Mf2 appears to overlap that of Bf2 in the stromal cells at 12.5 dpc (data not shown). At 15.5 dpc, the ureter has undergone a significant amount of branching. While differentiated nephrons are observed in the medulla region, new tubules are still being induced from the nephrogenic mesenchyme in the cortex.
Mf2
lacZ expression is detected in the mesenchymal aggregates, as well as in the condensed mesenchyme, and a high level of expression is detected in the developing glomeruli (Fig. 2G) . At birth, strong LacZ staining is restricted to nuclei of the podocytes, cells involved in the selective filtration of plasma, and Bowman's epithelium. Its expression also continues in the peripheral mesenchyme of the cortex (Fig. 2I and data (Fig. 1C) . They showed the expected Mendelian frequency after weaning (25% of a total of 440 pups on the 129 ϫ Black Swiss genetic background; 20% of a total of 172 pups on the 129 ϫ C57BL/6 genetic background), appeared normal, and were fertile. No obvious skeletal abnormalities were observed in newborn mutants, and the adults apparently behaved normally (data not shown).
Mf2 lacZ mutants have kidney and ureter abnormalities. Since Mf2 is strongly expressed in the developing kidney, we examined the morphology of the kidneys and ureters of newborn mutant mice generated on two different genetic backgrounds (129 ϫ Black Swiss and 129 ϫ C57BL/6) ( Fig. 3 and Table 1 ). On the 129 ϫ Black Swiss genetic background, 23% had hydroureter (fluid-filled ureter) which, in severe cases, was accompanied by hydronephrosis (fluid-filled kidney) (Fig. 3) . The prevalence and severity of the kidney phenotype appeared to be significantly increased on the 129 ϫ C57BL/6 genetic background (42%). In addition, on both genetic backgrounds, some mutants had small kidneys or short ureters compared to wild-type mice ( Fig. 3 and Table 1 ). Excluding those with hydronephrosis, the volume of newborn Mf2 mutant kidneys on the 129 ϫ C57BL/6 genetic background was slightly reduced compared to that of the wild type (ϩ/ϩ, 8.0 Ϯ 0.86 mm 3 , n ϭ 4; Ϫ/Ϫ, 6.2 Ϯ 1.4 mm 3 , n ϭ 27, P Ͻ 0.05). One Mf2 mutant on this genetic background had a unilateral duplex kidney connected to double ureters, resulting in hydronephrosis and hydroureter (Fig. 3D) . Serial sections revealed that this hydroureter was connected not to the bladder but aberrantly to a derivative (seminal vesicle or vas deferens) of the Wolffian duct (Fig. 3E) . Of the kidneys with grossly abnormal phenotypes, 33% were only on the right, 43% were only on the left, and 23% were bilateral.
DISCUSSION
We have generated mice homozygous for a null mutation of Mf2 and show here that they are viable and fertile, although up to 40% have kidney and ureter abnormalities, including hydroureter, hydronephrosis, small kidneys, and short ureters. From these results, we conclude that in most of the tissues where Mf2 is expressed there is functional redundancy with other forkhead genes. The kidney phenotype suggests that there are some unique functions of Mf2 in this organ during development. However, the abnormalities are relatively mild, given the high levels of expression of Mf2 in this tissue. This discussion will therefore focus on possible roles of Mf2 in the developing kidney and the possible functional redundancy with other forkhead transcription factors in this organ and other tissues.
Forkhead genes in kidney development. Development of the metanephric kidney depends on a series of reciprocal interactions between the ureteric bud and the metanephric mesenchyme (37). At 10.5 dpc, the metanephric mesenchyme induces the ureteric bud that grows out from the Wolffian duct and invades the metanephric mesenchyme. The ureteric bud subsequently induces the mesenchyme around the tips to condense and undergo a mesenchymal-epithelial transition, ultimately giving rise to nephrons, while the remaining looser peripheral mesenchyme gives rise to stroma. The ureteric bud, in turn, grows and branches to form the ureter, renal pelvis, and collecting system in response to signals from the metanephric mesenchyme. Recent experiments demonstrate that a variety of secreted signaling molecules, transcription factors, and extracellular matrix molecules play important roles in coordinating the proliferation, differentiation, and morphogenesis of the different kidney mesenchymal lineages (for recent reviews, see references 5, 7, and 27). For example, it has been shown that both the induction and branching of the ureter involve glial cell-derived neurotropic factor (GDNF), produced by the metanephric mesenchyme, and its receptors, c-RET and GFR␣-1, expressed in the ureteric epithelium (for reviews, see references 34 and 35) . Recently, it has also been shown that BMP7 and FGF signaling pathways synergistically regulate nephrogenesis as a result of reciprocal interactions between the condensed mesenchyme and stromal cells (9) .
Several forkhead family members have been reported to be expressed during kidney development (16, 20, 25, 30, 31, 32, 42, 44) . For example, Bf2 is expressed specifically in the stromal mesenchymal cells beginning at 11.5 dpc. All Bf2-deficient mice die after birth with kidney abnormalities including hypoplastic kidneys (less than one-third of normal size) and small ureters (one-half of normal length) (16) . This result provided the first evidence that the stromal cells are required for the differentiation of condensed mesenchyme into tubular epithelium and the growth and branching of the ureter. On the other hand, very little is known about the roles of other forkhead transcription factors during kidney development.
Mf2 encodes a protein with a DNA binding domain only one amino acid different from that of the protein encoded by Bf2. We show here that Mf2 mutant mice are viable, with kidney and ureter abnormalities. However, although in some respects (small size and short ureter) the phenotype of Mf2 mutants is similar to that of Bf2 mutants, it is different in being associated with hydroureter and hydronephrosis. Although these abnormalities are quite common in humans, their etiology and underlying molecular mechanisms are still unknown (33) . Because of the low penetrance of the phenotype, we have not addressed the primary defects, but several possibilities can be considered tracing back to functions in one or more of the tissues in which Mf2 is expressed (the intermediate mesoderm, stroma, condensed mesenchyme, and ureters). For example, from clinical data, it has been proposed that hydroureter and hydronephrosis result from accumulation of urine in the ureter and kidney due to the aberrant positioning of the orifice of the ureter in the bladder. This abnormal insertion may trace back to aberrant positioning of the ureteric bud from the Wolffian duct (29) . Our finding that one mutant kidney had an extra ureter aberrantly connecting to a derivative of the Wolffian duct ( Fig. 3D and E) supports this possibility and suggest that Mf2 in the intermediate mesoderm regulates the differentiation of the metanephric mesenchyme and its expression of GDNF, the inducer of the ureteric bud. An alternative, but not mutually exclusive, possibility is that Mf2 plays a role in the apoptosis of the common mesonephric duct, which normally results in the disappearance of the most caudal part of the Wolffian duct when it reaches the cloaca, so that the ureter finally connects to the bladder (38; Y. Miyazaki, K. Oshima, A. Fogo, B. L. M. Hogan, and I. Ichikawa, submitted for publication). Since Mf2 is expressed in the common mesonephric duct (data not shown), it is possible that the ureter of Mf2 mutants makes an inappropriate connection to the bladder. This type of analysis must wait until more affected animals are obtained. Hydroureters have been reported in mice with targeted or spontaneous mutations in genes encoding secreted signaling molecules such as Bmp4 (bone morphogenetic protein 4), Bmp5, and Bmp7 (10, 11, 14, 28; Miyazaki et al., submitted). It is therefore possible that Mf2 functions upstream or downstream of some of these genes in the developing kidney.
Some Mf2 mutant mice have small kidneys and small ureters, abnormalities also seen in Bf2 mutants. Although the phenotype of Bf2 mutants is much more severe than that of Mf2 mutants, Bf2 mutant mice do not show complete absence of either the kidney or the ureter (16) . Since expression of Mf2 appears to overlap that of Bf2 in the stromal mesenchyme, it is likely that there is functional redundancy between Bf2 and Mf2 in the stroma, a hypothesis that can be tested by generating Mf2 lacZ and Bf2 double mutant mice. Finally, Mf2 may also function in the condensed mesenchyme and affect the branch- ing and growth of the ureter through the reciprocal interactions that normally occur between the two tissues.
The human homologues of mouse Mf2 and Bf2 are FREAC-9 (FKHL17) on chromosome 1p32-p34 and FREAC-4 (FKHL8) on chromosome 5q12-q13, respectively (12, 13) . However, no known congenital abnormalities related to the kidney map close to these loci. Like Mf2 and Bf2, both human genes encode proteins with completely identical DNA binding domains but divergent N-and C-terminal regions and are predominantly expressed in the kidney.
Possible functions of Mf2 in other tissues. Except for kidney and ureter abnormalities, Mf2 mutants have no obvious abnormalities in other tissues in which Mf2 and Bf2 are coexpressed, including the tongue, meninges, and mesenchyme of the vibrissae. Besides that of Bf2, the expression of several other forkhead genes overlaps that of Mf2 in the head. For example, Mfh1 and Fkh6 are expressed in the dorsal and anterior regions of the tongue (20) and Mf1 and Mfh1 are expressed in the meninges (25, 30) . In these tissues, Mf2 mutant mice also have no obvious defects. In brain development, Mf2 expression is localized to the tuberal hypothalamus, in distinct domains that overlap those of other forkhead genes such as Fkh4 and Mf3 (21, 26, 41) . Mf3 mutant mice have CNS defects that relate to its expression in the hypothalamus (26, 41) . Although adult Mf2 mutants appear to behave normally, more detailed behavioral analysis may shed light on the role of Mf2 in the CNS.
The Mf2 expression pattern also overlaps those of other forkhead genes, such as Mf1, Mfh1, and Mf3 in the paraxial mesoderm, somites, branchial arches, and had mesenchyme (25, 26, 36, 42) . Mf2 mutant mice, however, have no obvious defects in derivatives of these tissues, including the skeleton, suggesting functional redundancy. To test this possibility, we generated Mf1 lacZ and Mf2 lacZ double homozygous mutants on the 129 ϫ Black Swiss genetic background. The double mutants die at birth with a phenocopy of Mf1 lacZ mutants including skeletal defects. Additionally, all double mutants have kidney and ureter abnormalities, including hydroureter and agenesis of the kidney, a phenotype much more severe than that of Mf2 homozygous mutants (data not shown). Since the majority of Mf1 mutants on this genetic background have normal kidneys and ureters and Mf1 and Mf2 show overlapping expressions during kidney development (T. Kume, K. Deng, and B. L. M. Hogan, unpublished data), these data support the idea of functional redundancy in the developing kidney. Generation of other double homozygous mutant mice with defects in Mf2 lacZ and other forkhead genes will shed light on the genetic interrelationship of related forkhead genes during embryonic development.
